This review is focused on the study of the requirement of high thermal conductivity of thermal energy storage (TES) materials and the techniques used to enhance it as this is one of the main obstacles to achieve full deployment of TES systems. Numerical and experimental studies involving different thermal conductivity enhancement techniques at high temperature (> 150 ºC) are reviewed and classified. This article complements Part 1, which reviews the different requirements that TES materials and systems should consider for being used for high temperature purposes and the approaches to satisfy them. The enhancements identified for this temperature range are the addition of extended surfaces like fins or heat pipes and the combination of highly conductive materials with TES material like graphite or metal foam composites and nanomaterials. Moreover the techniques presented are classified and discussed taking into account their research evolution in terms of maturity and publications.
Introduction
Part 1 of this review [1] lists more than 25 different requirements that thermal energy storage (TES) materials (both sensible and latent) and TES systems should consider for being used for high temperature purposes (> 150 ºC) and it analyses the different literature approaches presented in previous studies to achieve such requirements. These requirements have been classified into chemical, kinetic, physical and thermal for the material point of view; and environmental, economic and technologic for the system point of view. Within all the requirements listed, this second part of the review is focused on the study of the requirement for high thermal conductivity of TES materials, being the one that has drawn more attention in the scientific community, and the techniques used to enhance their usually low values.
In a TES system, thermal energy needs to be transferred in the first place from an outer energy source to the TES material to be later on transferred from the TES material to an outer application. This transition needs to be done within a specific period of time and under different heat transfer mechanisms: conduction, convection or both. For instance, in a latent charging process, the TES material undergoes phase change as the heat transfer fluid (HTF) transfers heat to it, causing the melting front to move away from the heat transfer surface and, as a consequence, the solid layer of the material decreases while the thickness of the liquid layer increases. During all the process conduction is present. However, the higher presence of liquid state leads a higher presence of density gradients, which added to the fact that the thermal conductivity is lower in the liquid state than in the solid state, causes the convection to become dominant and the conduction negligible [2] . During the latent discharging process, or solidification, conduction becomes the dominant heat transfer mechanism since a layer of solid material is created at the very beginning around the heat transfer surface, reducing the effect of convection to become almost negligible. Therefore, materials with low thermal conductivity coefficients, which mean high thermal resistance and slow charging and discharging rates, drastically decrease the thermal performance of TES and limit possible large-scale applications.
It is a fact that most of the commercial TES materials that are currently available at the market have intolerably low thermal conductivity values (0.2-1 W/(m·K)), allowing the researchers to try to make up for such poor values by proposing heat transfer enhancement techniques, not only for improving the TES material itself but also for improving the effective thermal conductivity between the HTF and the TES material, which in some cases turn to be the same material.
Before introducing any external enhancer to the TES system, the researchers have to bear in mind in which physical state the TES material is going to be used, whether the liquid phase, the solid phase or both, since their introduction can enhance the thermal performance of one state but can decrease the thermal performance of the other state. Hence, a previous study or discussion should be done in order to know the advantages and disadvantages of the thermal conductivity enhancement technique which is desired to be used.
The aim of the present study is to review the thermal conductivity enhancement techniques used in high temperature TES systems and materials for both enhancing the effective thermal conductivity between the HTF and the TES material by adding extended surfaces, and enhancing the thermal conductivity of the material itself by combining it with highly conductive materials ( Fig. 1) . 
Addition of extended surfaces
The most and widely studied thermal conductivity enhancement technique in the different temperature ranges is the extended surfaces. This technique consists of increasing the heat transfer surface between the HTF and the TES material by arranging fins or heated pipes on the HTF tubes embedded in the TES system. This technique leads to an increase of the effective thermal conductivity as it diminishes the distance between the storage material and the HTF, and reduces the thermal resistance between the HTF and the TES material. However, two main drawbacks are associated to this technique: on the one hand the increase of costs due to the increase of the extended surfaces material and on the other hand the decreasing of the packing factor of the TES system, which is the ratio that defines the percentage of volume of TES material in front of the total volume of the storage container, due to the increase of the volume occupied by the extended surfaces.
Despite the fact that not many experimentation at high temperature has been carried out, the criteria that should be borne in mind when designing a TES system with the extended surfaces enhancement technique is the same than the used at lower temperatures: HTF pipe dimensions, material of the extended surfaces, geometry of the extended surfaces, arrangement of the extended surfaces, good interaction between the TES material, the HTF and the material of the extended surfaces and finally the boundary conditions of the TES system.
The two main enhancement techniques regarding the extended surfaces which have been studied by different researchers are the addition of fins and the addition of heated pipes.
Addition of fins
Concerning to the addition of fins, first references lead us to Zhang et al. [3] who numerically studied the heat transfer enhancement in a latent heat TES (LHTES) system by using an internally finned tube. A comparison with a plain tube, in terms of the melting volume factor, was performed, concluding that this factor could be significantly increased by increasing the thickness, height and number of fins for a HTF with low thermal conductivity and low Reynolds numbers.
Seeniraj et al. [4] numerically studied the improvement in terms of temperature, melting front location and thermal energy stored of an externally finned tube in a space based LHTES unit for solar dynamic power generation. An enhancement of the performance by increasing the number of fins for a given set of geometrical parameters and depending on the thermophysical properties of the tube material and the HTF-TES material combination was observed.
Khaled [5] numerically proposed a variation of the fin enhancement technique called hairy fin system, which consists of a primary rectangular fin with a large number of slender secondary rods attached on its surface (Fig. 2) . This technique increased the heat transfer, if compared to a rectangular fin, with low secondary fins diameter and high secondary thermal conductivity. (Fig. 6 ). That allow e scheme [14] ave been per Impregnation, infiltration and compression are found to have higher enhancement performance than dispersion due to the fact that in these three processes graphite particles are always connected between them forming a highly thermal conductive and interconnected network while in the dispersion process graphite microstructures are formed but are not fully connected.
Moreover, graphite particles parameters such as shape, concentration, distribution and orientation within the compound are extremely important to accurately calculate the average thermal conductivity of the graphite composite. However, average thermal conductivity is not the only criteria to determine the optimum composite preparation route. It has also to bear in mind economics and porosity, which are closely linked to the storage density. This last property is often not keep primordial during the obtaining process of the composite and can lead to a significantly reduction in the latent heat value if it is too low and to a reduction on the capillarity force and therefore leakage of liquid TES material if it is too high [20] [22] . Several experimental and numerical investigations have been carried out studying the graphite as thermal conductivity enhancer and the ones available up to mid-2015 are explained below.
From the experimental point of view, the first attempt to study graphite composites at high temperature was carried out by Do Couto et al. [23] , who tested the behavior of KNO 3 /NaNO 3 -expanded graphite (EG) and KNO 3 /LiNO 3 -EG composites obtained by two different elaboration routes: compression and infiltration. Results showed that compressed composites had an enhancement in a factor up to 10 and infiltrated composites presented a thermal conductivity enhancement lower than the previous route but accentuated in the direction parallel to its layered structure.
Bauer et al. [24] focused on the enhancement of KNO 3 /NaNO 3 by studying the effect of adding natural graphite (NG) and compressed expanded graphite (CEG) with the infiltration route and adding commercial EG (CFG 500) with the compression route varying the graphite concentration and orientation. Results showed an enhancement of the thermal conductivity in the range from 3 to 30 times if compared to the single TES material. Moreover, it was observed that the thermal conductivity of the composites prepared by compression strongly depended on their graphite concentration (the higher the graphite concentration, the higher the conductivity), on the temperature (the higher the temperature, the lower the conductivity) and on the orientation and the thermal conductivity of the composites prepared by infiltration reached high conductivities with small graphite concentration.
Several studies, under the framework of the European project DISTOR, numerically and experimentally tested at both laboratory and industrial scales the behavior of graphite- Zhong et al. [37] evaluated three different types of binary molten salts (LiNO 3 /KCl, LiNO 3 /NaNO 3 and LiNO 3 /NaCl)-EG composites synthesized through the impregnation route.
On one hand, results showed a thermal conductivity enhancement if compared to the pure eutectic mixture and on the other hand it was observed that these composites showed higher homogeneity and greater thermal stability (without loss of their morphologies and crystalline structures) in comparison to other salt-EG composites synthesized through infiltration or compression routes.
From the modelling and simulation point of view, Lafdi et al. [22] numerically studied and predicted the thermal performance of graphite foams infiltrated with TES materials for space TES applications. Results showed an improvement in a factor of 8 in the average value of the output power delivered to the working fluid as a result of the enhancement of the composite thermal conductivity.
Lopez et al. [28] studied the melting and solidification process in a KNO 3 /NaNO 3 -EG composite elaborated through the compression process. Results showed that during the melting process, the TES material volume expansion is constrained by the graphite creating an over pressurization that increases the melting point of TES material and decreases its latent heat. To avoid this problem, the authors identified the need to perform the following actions without reducing the effective thermal conductivity: reduce the pore-wall rigidity, increase the pore walls and/or increase the pores connectivity.
Kim et al. [38] and Zhao et al. [39] numerically studied the use of graphite foam-MgCl 2 composite in a LHTES system, consisting of a tank filled with a TES material and pipes carrying a heat transfer fluid simulating a CSP plant. Results showed that the thermal conductivity enhancement of the composite not only could improve the exergy efficiency in the system but also it could reduce the number of pipes of the system in a factor of 13.5 and therefore a huge reduction on the investment costs.
Metal foams composites
The concept of metal foam, also referred as cellular metals, porous metals, foamed metal and metallic foam [40] , consists of a highly metallic porous material (solid metal containing a large volume fraction of gas pores) which is combined with TES materials. processes are shortened but also the time differences between them were greatly shortened to harmonize the heating and cooling rates.
Yang et al. [45] [46] numerically studied the influence of varying the porosity and pore density in the enhancement of a copper metal foam composite. In the first study [45] , a sandwich structure with fins and copper metal foam imbedded in NaNO 3 was used to evaluate the flow and heat transfer behavior. Results showed a significant improvement in the heat transfer performance. Moreover it was observed that when the porosity of the metal foam is decreased, the phase change period can be substantially shortened, while the effect of the pore density is not notable. In the second study [46] , a KNO 3 -copper metal foam composite was used. Results showed an improvement in the charging process performance up to 24.2 % by increasing linearly the porosity from the bottom to the top.
Nanomaterials
In the literature, the material composed by nanometer-sized particles (nanoparticles) and a base material (BM) is usually presented as nanofluid [47] , when the BM is in the liquid state, or nanocomposite, when the BM is in the solid state [48] . However, in this review both concepts will be presented as nanomaterial to facilitate the understanding of the article.
The advance of technology has allowed the researchers to obtain smaller structures and take advantage of them in order to enhance the thermal properties of the actual TES materials. [55] . Among the advantages, it can be found (1) higher thermal capacity, which allows higher thermal storage in reduced spaces and therefore a reduction of cost, (2) higher effective thermal conductivity and higher specific surface, which enhance the heat transfer and decreases the charging and discharging processes, (3) a good stability on the dispersion of the nanoparticles within the TES material and reduced particle clogging, which allows the material not to have a variation on its properties, (4) Studies focused on the thermal conductivity enhancement with the dispersion of highly conductive particles are mainly based on water based fluids [50] , which cover mid-low temperatures ranges. Very few studies covering thermal conductivity enhancements in the high temperature range have been performed since the research in this temperature range is mainly focused on the enhancement of specific heat.
Nanomaterials at high temperature are mainly obtained from two different synthesis methods [56] . The first method, known as two-step solution method or liquid solution method, was
proposed by Shin and Banerjee [57] and is described as follows: first, both the nanoparticles and the BM are mixed, with their respectively fraction mass depending on the study case, in the dry state. Then, the dry mixture is dissolved in distilled water and the resulting mixture is homogeneously dispersed with ultrasounds. Finally, the homogenized mixture is dried on a hot plate. The second method, known as the stirring dispersion method, was proposed by Ho and
Pan [58] and is described as follows: first, a crucible made of stainless steel is filled with the BM and the nanoparticles with their respectively fraction mass depending on the study case, in the dry state. Then, a stirrer made of stainless steel is placed inside the crucible and it is placed on a stirring hotplate were the dry mixture is melted and mixed. Finally, the mixture is cooled through forced convection by a cooling fan. Table 4 erning the e rials at high 
Overview of the enhancement techniques research evolution
The Technology Readiness Level (TRL) of the five enhancement techniques reviewed in the present study are presented as well as the temporal evolution of the publications related to them.
The main objective of this classification is to give an overview about how the maturity of the enhancement techniques is in order to describe recent trends in this field and to identify a niche of research.
TRL is a measurement system used on the one hand to assess the maturity of evolving technologies during their development and early operations and on the other hand to compare technologies [75] . This scale classifies the maturity of a technology in nine levels, from the basic research until its commercial application (Table 6 ). As it can be observed in Table 7 , the 40.4 % and the 53.8 % of the studies reviewed are in a TRL 2 and TRL 3, respectively, which means that more than the 94 % of the work carried out so far is still in the very early stages. The promising aspects of each thermal enhancement techniques have been detected and observed. Moreover, active research and development has gained relevance and the governments have been started to fund projects related with numerical and laboratory scale experimentation in order to validate the analytical predictions. Only the 6 % of the experimentation has been carried out at a scale higher than the laboratory. Therefore, since the benefits of implementing the thermal conductivity enhancement techniques have been already proved, the next step is to test them at higher scale in order to validate the results obtained numerically and at laboratory scale. 
Conclusions
One of the main obstacles that hinder the fully development and implementation of TES systems is the low thermal conductivity values that most of the currently commercial TES materials have. The present paper presents an exhaustive review of the numerical and experimental studies, involving the different thermal conductivity enhancement techniques, developed at the high temperature field (> 150 ºC). Notice that Part 1 of this article identifies and reviews more than 25 different requirements that TES materials and systems should consider for being used at those temperatures and the approaches to achieve them. The research is focused on the literature available on scientific journals until mid-2015 and the authors would like to apology if any paper has been neglected since the present paper does not claim about its exhaustiveness in the high temperature field.
The main conclusion regarding the different enhancement techniques are:
 Extended surfaces
The addition of extended surfaces is the most and widely studied thermal conductivity enhancement techniques in the low temperature range (<150 ºC). Therefore, since its enhancement has been demonstrated, only little research has been carried out at high temperature.
-
Addition of fins
It has been numerically and experimentally demonstrated the thermal performance improvement of this technique. Among all materials tested at high temperature, aluminum is preferred as fin material and the geometry of the fin is a key factor on the percentage of improvement. However, two main drawbacks have been observed, which are the increase of costs and the decrease of the packing factor.
Addition of heat pipes
This technique has been only numerically studied at high temperature. Different parameters have been simulated and evaluated and in all the research work carried out, promising results were obtained.
 Combination of highly conductive materials with TES material
The combination of highly thermal conductive materials with the already known TES materials in order to obtain new materials with improved thermal properties is gaining relevance every year.
Graphite composites
Graphite is considered a good thermal conductivity enhancer not only because of its high thermal conductivity but also for its low density, its chemical resistance to corrosive environments and its suitability for high temperature processes. Among the different graphite composites elaboration routes, impregnation and compression are found to have a high enhancement performance. Experimental results showed that the effective thermal conductivity of the composite strongly depends on the graphite fraction of the composite, the temperature and on the graphite particles size and orientation. However, a reduction on the natural convection has been observed in the liquid state.
Metal foams composites
Metal foams are promising thermal conductivity enhancers not only because of its good intrinsic thermomechanical properties, but also because of variables such as lightness, pore distribution, permeability, specific surface area to volume ratio and capillarity that can be controlled by the researchers. Very little experimentation has been carried at high temperature but results showed an increase of the thermal conductivity on the solid state and solidification process but no increase of the thermal conductivity on the liquid state and melting process due to the fact that the presence of metal foam reduce drastically the natural convection -Nanomaterials
The dispersion of nanoparticles within a TES material is the most promising enhancement technique for its implementation at industrial scale due to their advantages such as high thermal capacity, high effective thermal conductivity and specific surface, good stability on the dispersion of the nanoparticles within the TES material and reduced particle clogging, reduction of the subcooling effect and the most important, the researcher can adjust the properties depending on the material of the nanoparticles. Therefore, all the work done is focused on improving the most common TES materials used in solar plants. Results showed good and promising enhancement in thermal conductivity values. 
